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Abstract. Observations are used to develop metrics for interannual trop-3

ical instability wave (TIW) variability in the Atlantic and to relate that vari-4

ability to larger scale processes. The analysis is partitioned into different lat-5

itude bands to distinguish between off-equatorial (5◦S, 2◦N, and 5◦N) and6

near-equatorial (2◦S and 0◦) TIWs. TIW metrics based on sea surface tem-7

perature (SST) and sea level anomaly (SLA) fluctuations are compared against8

interannual anomalies of SST in the cold tongue region. To examine the role9

of barotropic shear instabilities in modulating the intensity of a TIW sea-10

son, wind stress and near-surface current indices are developed in regions where11

the shear between the Equatorial Undercurrent (EUC) and the northern branch12

of the South Equatorial Current (nSEC) and between the nSEC and the North13

Equatorial Countercurrent (NECC) are expected to be largest. Good agree-14

ment is found between the SST and SLA TIW metrics along the off-equatorial15

latitude bands, and interannual variations of both metrics can largely be at-16

tributed to barotropic shear instabilities. In particular, years with low (high)17

TIW variance along the off-equatorial latitude bands are associated with anoma-18

lously warm (cold) SSTs in the cold tongue region, weak (strong) wind stress19

divergence and curl in the EUC-nSEC region, and weak (strong) zonal cur-20

rent shear in the nSEC-NECC region. In contrast, in the near-equatorial lat-21

itude bands, poor agreement is found between interannual TIW activity based22

on the SST and SLA metrics, and near-equatorial TIW variability cannot23

be explained by the large-scale SST, wind stress divergence and curl, and24

current shear indices.25
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1. Introduction

The upper-ocean tropical Atlantic circulation is significantly modified by local winds26

and transient phenomena such as westward propagating tropical instability waves (TIWs)27

[Düing et al., 1975; Weisberg and Weingartner, 1988; Menkes et al., 2002; Foltz et al.,28

2004; Grodsky et al., 2005; Bunge et al., 2007; Dutrieux et al., 2008; von Schuckmann29

et al., 2008]. The local wind-forced circulation and TIW activity are connected through30

barotropic and baroclinic energy conversion and ocean-atmosphere interaction. Atlantic31

TIWs typically intensify in early boreal summer in response to the seasonal intensification32

of the southeasterly trade winds and the enhancement of meridional and vertical shear in33

the equatorial current system, and in phase with the onset of the equatorial Atlantic cold34

tongue [e.g., Grodsky et al., 2005]. In turn, it has been shown that once generated, the35

Atlantic TIWs can affect winds on short time and space scales through air-sea coupling36

[e.g., Caltabiano et al., 2005; Seo et al., 2007; Wu and Bowman, 2007a] and can reduce37

the shear of the background currents [e.g., Weisberg and Weingartner, 1988].38

The intensity of an Atlantic TIW season can vary dramatically from one year to the next39

[e.g., Caltabiano et al., 2005; Wu and Bowman, 2007b, hereafter WB07; Athie and Marin,40

2008, hereafter AM08], and dynamic downscaling experiments using an Intergovernmental41

Panel on Climate Change (IPCC) class model suggest that Atlantic TIWs are energized42

under global warming scenarios [Seo et al., 2011]. TIWs act to warm the near-surface and43

underlying waters of the equatorial Atlantic cold tongue on seasonal [e.g., Weisberg and44

Weingartner, 1988; Foltz et al., 2003; Jochum et al., 2004; Peter et al., 2006] and climate45

relevant time scales [Seo et al., 2011]. The mechanisms modulating TIW intensity and46
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fluxes in the equatorial Atlantic are therefore of great interest, because they could act to47

modulate the interannual intensity of the cold tongue.48

Two distinct types of TIWs exist in the Atlantic: mixed Rossby-gravity (Yanai) waves49

near the equator with periods of 14 to 40 days, and Rossby waves between 2◦ to 5◦ lati-50

tude with periods of 20 to 50 days [e.g., Bunge et al., 2007; AM08; Han et al., 2008; von51

Schuckmann et al., 2008]. There is a general consensus that barotropic instabilities associ-52

ated with the near-surface (upper 50 m) meridional shear between the northern branch of53

the westward flowing South Equatorial Current (nSEC) and the eastward flowing North54

Equatorial Countercurrent (NECC) are important for generating and sustaining Atlantic55

TIWs [e.g., Philander, 1978; von Schuckmann et al., 2008]. Barotropic or baroclinic shear56

instabilities associated with near-surface meridional or vertical shear between the east-57

ward flowing Equatorial Undercurrent (EUC) and the nSEC may also play an important58

role [e.g., Weisberg and Weingartner, 1988; Grodsky et al., 2005; von Schuckmann et al.,59

2008]. However, the full suite of TIW generation processes and the range of latitudes in60

which they act are not well understood.61

TIWs were first detected with satellite SST imagery in the Pacific Ocean by Legeckis62

[1977] and in the Atlantic Ocean by Legeckis and Reverdin [1987]. Subsequently, TIW63

signatures were found in sea level anomaly (SLA) fields measured by altimeters, with SST64

crests (troughs) associated with SLA lows (highs) [e.g., Malardé et al., 1987; Musman,65

1989; 1992], as well as in 10-m wind stress estimated from scatterometers [e.g., Xie et66

al., 1998; Chelton et al., 2001]. Recently, WB07 demonstrated from eight years (199867

to 2005) of SST measurements from the Tropical Rainfall Measuring Mission (TRMM)68

Microwave Imager (TMI) that there is a strong negative correlation between TIW related69
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SST variance and area-averaged tropical Atlantic SST anomalies in the region bounded70

by 20◦W and 0◦ and 3◦S and 3◦N (ATL3 index) in boreal summer. That is, TIW SST71

variance tends to be largest when the equatorial cold tongue is strongest. However, as72

noted in WB07, TIWs can best be observed using SSTs when the meridional gradients of73

SST across the cold tongue are large (e.g., during the cold phases of the ATL3 index as74

well as the seasonal peak of the cold tongue), and TIW variability may be underestimated75

in the SST record when meridional gradients are small (e.g., during the warm phases of76

the ATL3 index as well as the onset and decay phases of the cold tongue). Moreover,77

in WB07, TIW SST variance was computed in the region bounded by 35◦W and 0◦ and78

0◦ and 5◦N. This treatment convolves the different types of Atlantic TIWs, that have79

different latitudes of maximum amplitude, into one broadband process. Using the same80

time period as the WB07 study, AM08 demonstrated that altimetric SLA fields could81

be used as a measure of TIW season intensity that is independent of the strength of the82

meridional SST gradient. Therefore, an analysis of TIWs using metrics based on SST83

and SLA partitioned into different latitude bands should help to quantify the interannual84

variability associated with near-equatorial TIWs and off-equatorial TIWs, and set the85

stage for examining their possible linkages to larger scale processes.86

In this paper, the robustness of the relationship between the ATL3 index and interannual87

TIW variability is examined for the period 1998 to 2010 (i.e., the thirteen completed88

years of TMI measurements). In particular, we test the consistency of this relationship in89

terms of both TIW-related SST and SLA variance in order to more robustly establish the90

linkage between cold tongue intensity and TIW activity. The calculations are partitioned91

into five latitude bands to distinguish between the interannual variability of the different92
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types of Atlantic TIWs. In addition, we quantify the relationship between the SST and93

SLA TIW metrics for the five latitude bands, and extend the SLA TIW variance time94

series to encompass the full eighteen-year altimetric record. To examine the role of near-95

surface barotropic shear instabilities in modulating the intensity of a TIW season, wind96

stress and near-surface current indices are developed and compared against the TIW97

variability and the ATL3 index. These new indices provide information about the strength98

of the meridional gradient of the zonal currents (∂u
∂y
), an important component of the99

barotropic conversion term (−ρu′v′ ∂u
∂y
) in the TIW energy balance equation [e.g., Weisberg100

and Weingartner, 1988; Grodsky et al., 2005; von Schuckmann et al., 2008].101

2. Data and methodology

2.1. Data

Four gridded data products are used in this analysis: TMI SST distributed by Remote102

Sensing Systems, altimetric delayed-time reference SLA fields distributed by AVISO, wind103

stress divergence and curl fields calculated on a swath-by-swath basis from Quick Scat-104

terometer (QuikSCAT) wind measurements [Risien and Chelton, 2008], and near-surface105

currents derived from a synthesis of drifter velocities, altimetry and wind products [Niiler106

et al., 2003; Lumpkin and Garzoli, 2011 and references therein]. TMI SST daily (3-day107

running average) and monthly fields are available from January 1998 to present on a 0.25◦108

spatial grid. AVISO reference SLA are obtained as weekly averages from October 14,109

1992 to December 1, 2010 with 1/3◦ spatial resolution, and are linearly interpolated to110

daily intervals. The reference SLA product pairs data from an altimeter with a 10-day111

repeat cycle and 315 km zonal spacing at the equator between successive ground tracks112

(Topex/Poseidon, Jason-1, or Jason-2) with data from an altimeter with a 35-day repeat113
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cycle and 80 km equatorial spacing between ground tracks (ERS-1, ERS-2, and Envisat),114

and can resolve 100-to-300 km scales which is adequate for capturing the variability as-115

sociated with the O(1000 km) zonal wavelength of TIWs [e.g., Legeckis, 1977; Qiao and116

Weisberg, 1995, and references therein]. Finer spatial resolution could be achieved by117

using the AVISO up-to-date SLA product, which merges data from up to four altimeters,118

but the sampling of that time series is not as stable as the reference product. Monthly119

QuikSCAT wind stress divergence and curl are available from September 1999 to October120

2009 on a 0.25◦ grid. Poleward of 2.5◦ latitude, the drifter-altimetry synthesis produces121

weekly snapshots of Ekman and total (Ekman plus geostrophic) currents at 15-m depth122

that are derived from the AVISO SLA fields, with spatially-varying gain coefficients and123

time-mean field calculated to minimize the mean squared difference between geostrophic124

current anomalies and concurrent Ekman-removed drifter velocities [Niiler et al., 2003].125

In situ horizontal velocity data from the 10-m current meter on the Prediction and126

Research Moored Array in the tropical Atlantic (PIRATA) Northeast Extension mooring127

at 4◦N, 23◦W from June 11, 2006 to July 25, 2010 [Bourlès et al., 2008] are used for128

comparison with the gridded data products. This data set provides a direct measurement129

of the interannual variations in kinetic energy associated with TIWs, and is related to130

TIW-related SST variability through the horizontal advection terms in the heat balance131

equation and to TIW-related SLA variability through geostrophy. Although horizontal132

velocity data is also available at the PIRATA 0◦N, 23◦W mooring, gaps in this record were133

sufficiently large from 2008 to 2010 that data from this site is not included in the analysis.134

Moreover, at the equator, other transient phenomena such as eastward propagating in-135

traseasonal Kelvin waves are present with similar time scales of 40-to-60 days [e.g., Katz136
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1997; Han et al. 2008; Hormann and Brandt, 2009] that could influence estimates of TIW137

variance based on a point measurement.138

2.2. TIW variance

TIW-related SST and SLA variance are computed and compared for the overlap between139

the TMI and AVISO records, 1998 to 2010. To isolate westward propagating TIW signals140

and reduce variability associated with large-scale heating and cooling (e.g., steric effects),141

a temporal and zonal band-pass Bartlett (i.e., triangle) filter is applied to the daily SST142

and SLA data. This filter has a 20-to-50 day temporal and 4◦-to-12◦ zonal window, and143

has better side-lobe properties than the boxcar filter applied to SST in WB07. Hanning144

and frequency-domain filters were also tested and produced similar results as the Bartlett145

filter (not shown). Because a zonal band-pass filter cannot be applied to the time series of146

horizontal velocity at the 4◦N, 23◦W mooring, this data set is only band-pass filtered in147

time (20-to-50 day). Note, the cutoffs for the temporal band-pass filter were selected based148

on spectral analysis of TMI SST and AVISO SLA in the equatorial Atlantic previously149

conducted by AM08.150

WB07 averaged Atlantic TIW activity from June to August and did not take into151

account interannual variations in the month of peak TIW variability [Caltabiano et al.,152

2005; AM08]. Here, TIW-related variance is computed over a 4-month sliding window153

to allow the month of peak TIW activity to change from year to year. Variance is then154

box-averaged in five 2◦ wide latitude bands centered on 5◦S, 2◦S, 0◦, 2◦N, and 5◦N from155

25◦W to 0◦ (Figure 1a,b). Note that the 5◦N band is terminated at 10◦W due to the156

basin geometry. This partitioning of variance with latitude allows for characterization157

of interannual variability of near-equatorial and off-equatorial TIWs. At the 4◦N, 23◦W158
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mooring, the 4-month sliding window variance is only computed when a minimum of 15159

daily records is available.160

2.3. Indices

2.3.1. ATL3 index161

The ATL3 index as first defined by Zebiak [1993] is the Atlantic counterpart to the162

Pacific Niño3.4 index, and is computed in the following manner from the monthly TMI163

SST data set. At each grid point in the ATL3 region (Figure 1c), seasonal cycles are164

generated by fitting SST to an annual and semi-annual cycle for the overlapping time165

period between TMI SST, QuikSCAT wind stress, and drifter-altimetry synthesis data166

(September 1999 to October 2009). The seasonal cycles are removed to generate monthly167

SST anomalies for the thirteen-year TMI record (1998 to 2010). These monthly anomalies168

are then averaged over the ATL3 region.169

2.3.2. Barotropic shear indices170

Indices are developed for the strength of the meridional gradient of the near-surface171

zonal currents in the northern half of the ATL3 region (20◦W and 0◦ and 0◦ and 3◦N) and172

just north of the ATL3 region (20◦W and 0◦ and 3◦N and 6◦N) where the negative shear173

associated with the EUC-nSEC and the positive shear associated with the nSEC-NECC174

are expected to be large, respectively (Figure 1c). Although meridional shear between175

the EUC-nSEC is largest beneath the surface mixed layer (e.g., Figure 2 in Brandt et al.176

[2010]), the meridional shear between the EUC-nSEC has a strong near-surface expression177

that can generate and sustain TIWs.178

The 15-m drifter-altimetry synthesis is calculated poleward of 2.5◦ latitude, and direct179

measurements of the meridional gradients of the total (Ekman plus geostrophic) zonal180
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currents can be obtained in the nSEC-NECC region. Meridional gradients are computed181

using centered differences at each grid point in the nSEC-NECC region, the seasonal cycles182

are removed, and the total zonal current shear anomalies are then box-averaged.183

In absence of direct current measurements near the equator from which to estimate184

meridional shear in the EUC-nSEC region (Figure 1c), wind stress divergence and curl185

indices are computed from the monthly QuikSCAT data set. Wind stress divergence and186

curl are developed as indices because close to the equator they provide information about187

the strength of wind-driven vertical motion and the strength of the meridional gradient188

of the wind-driven zonal currents, respectively [e.g., Cane, 1979; Lagerloef et al., 1999;189

Wittenberg, 2002; Okumura and Xie, 2004; Perez and Kessler, 2009]. This can be seen190

from the simple equatorially-modified Ekman model applied in Perez and Kessler [2009],191

where wind-driven zonal and meridional transport, Uτ and Vτ , are given by192

(Uτ , Vτ ) =
(
rsτx + fτy
ρ0(f 2 + r2s)

,
rsτy − fτx
ρ0(f 2 + r2s)

)
(1)

193

where τx and τy are the zonal and meridional components of wind stress, ρ0 is seawater194

density, f = 2Ω sin θ (Ω = 7.29 × 10−5 s−1, θ is the latitude) is the Coriolis parameter,195

and rs is the vertical shear dissipation rate. The wind-driven vertical velocity is given by196

the divergence of (Uτ , Vτ ) and has the form197

wτ =
rsdiv(τx, τy) + fcurl(τx, τy)

ρ0(f2 + r2s)
+

β(f 2 − r2s)τx − 2fβrsτy
ρ0(f 2 + r2s)

2
(2)
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198

where β = ∂f/∂y = 2.28× 10−11 m−1 s−1. From (1) the meridional shear of wind-driven199

zonal transport is given by200

∂Uτ

∂y
=

rs
∂τx
∂y

+ f ∂τy
∂y

ρ0(f2 + r2s)
− β(f 2 − r2s)τy + 2fβrsτx

ρ0(f 2 + r2s)
2

(3)

201

in that region. In this formulation, it is assumed that rs is constant and spatial and202

temporal variations of the surface mixed layer thickness have been neglected. Moreover,203

remote influences from zonal winds in the western Atlantic through equatorial Kelvin204

waves are not represented in these equations [e.g., Servain et al., 1982]. Given these205

limitations, the following equations are merely provided to aid in the interpretation of the206

wind stress divergence and curl indices.207

In the EUC-nSEC region, where f is assumed comparable in magnitude to rs (e.g.,208

r−1
s = 1.5 day ≈ f at 3◦N), the first, third and fourth terms in equations (2) and (3) are209

all important for setting the strength of the mean wind-driven vertical velocity and the210

meridional shear of the wind-driven zonal transport. However, when limited to interannual211

variability, the first term in equations (2) and (3) carries over 75% percent of total variance212

(compare red and black lines in Figure 2), and for interannual anomalies (2) and (3) can213

therefore be approximated as214

wτ ≈ rsdiv(τx, τy)

ρ0(f2 + r2s)
, (4)

and215
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∂Uτ

∂y
≈

rs
∂τx
∂y

ρ0(f 2 + r2s)
. (5)

216

On the time and length scales considered here for the index calculation (i.e., longer than217

TIW scales), equatorial wind stress divergence and curl are largely controlled by the218

meridional gradient terms, ∂τy/∂y and −∂τx/∂y, respectively. Therefore, (5) can be219

rewritten in terms of wind stress curl220

∂Uτ

∂y
≈ −rscurl(τx, τy)

ρ0(f 2 + r2s)
(6)

221

such that anomalous positive (negative) curl just north of the equator will increase (de-222

crease) the magnitude of the negative meridional shear between the EUC and the nSEC.223

Similarly, (4) shows that anomalous positive (negative) divergence will increase (decrease)224

equatorial upwelling in the EUC-nSEC region (red line in Figure 2). Equatorial upwelling225

sets the strength of meridional gradients of SST and dynamic height anomaly (Φ) across226

the cold tongue, and thereby controls the strength of the meridional shear of geostrophic227

zonal currents in the EUC-nSEC region. For example, the anomalous geostrophic current228

shear between the mean latitude of the nSEC core, θ (typically near 2◦N), and the equator229

can be defined as230

∂ug

∂y

∣∣∣∣
θ/2

= −g

θ

(
1

fθ

∂Φ

∂y

∣∣∣∣
θ
− 1

β

∂2Φ

∂y2

∣∣∣∣
0◦

)
, (7)
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231

where ∂ug

∂y

∣∣∣∣
θ/2

is negative if ∂Φ
∂y
|θ > fθ

β
∂2Φ
∂y2

|0◦ . In other words, a large enough increase232

(decrease) in the strength of the meridional gradient of Φ with respect to ∂2Φ
∂y2

|0◦ can233

increase (decrease) the magnitude of the negative meridional shear between the EUC and234

the nSEC near the surface. This geostrophic current shear combined with the wind-driven235

zonal current shear inferred from (6) provides a mechanism for generating barotropic shear236

instabilities in the EUC-nSEC region. Although total (Ekman plus geostrophic) zonal237

current shear anomalies are calculated in the nSEC-NECC region, the Ekman component238

of the nSEC-NECC shear is also evaluated because it is most directly comparable to the239

wind-based indices used in the EUC-nSEC region.240

3. Results

In this section, interannual TIW variability and its connection to larger scale processes241

in the tropical Atlantic are examined. We start by quantifying the relationship between242

the SST and SLA TIW variance for the different latitude bands, and then relate the TIW243

metrics to the five indices: SST anomalies averaged over the ATL3 region, wind stress244

divergence and curl anomalies averaged over the EUC-nSEC region, and 15-m Ekman and245

total zonal current shear in the nSEC-NECC region.246

3.1. Interannual TIW variability

Figure 3 shows the normalized SST and SLA TIW variance (blue and black curves,247

respectively) as a function of time for the five latitude bands. For each latitude band248

and field, the variance time series is scaled by its maximum observed variance between249

the overlapping time period of 1998 to 2010 (see Table 1 for a list of these values). The250
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maximum SST TIW variance, 0.05 ◦C2, is found along the 2◦N latitude band during 2001,251

consistent with WB07 and AM08. Similarly, the maximum SLA TIW variance (1.04 cm2)252

occurs in 2001 along the 5◦N latitude band. Although consistent with AM08, in that they253

found 2001 to be a year of high SLA TIW variability, 2002 was the strongest TIW season254

in their analysis. Note that the maximum horizontal velocity TIW variance in the shorter255

PIRATA mooring record is 254.6 cm2s−2 in 2009.256

From Table 1 it is evident that SST TIW variance is large in the bands near the mean257

latitude of the northern cold tongue front (2◦N and 0◦), although significant variance is258

also found along the 5◦N and southern (2◦S and 5◦S) latitude bands. In contrast, SLA259

TIW variance tends to be largest away from the equator along the 5◦N and to a lesser260

extent the 5◦S, 2◦S, and 2◦N latitude bands (Table 1) consistent with the cross-equatorial261

structure of shear-modified Rossby waves [e.g., Lyman et al., 2005; AM08].262

The month of peak TIW activity changes from year to year. The two most likely263

months for the annual maximum in SST and SLA variance along the northern latitude264

bands (2◦N and 5◦N) are June and July (Table 2). In contrast, peak TIW variance is265

typically found in late boreal summer/early fall along the 0◦ and southern latitude bands.266

Hence, the seasonal peak in TIW variance is defined as the annual maximum between267

May and October to better represent TIW activity along the different latitude bands.268

The seasonal peaks in SST and SLA TIW variance (black and blue stars in Figure 3a,b,e)269

are highly correlated with one another (correlations between 0.65 and 0.75) for the 5◦S,270

2◦N, and 5◦N latitude bands. Along the northern latitude bands, the extreme events271

tend to be similar for the SST and SLA TIW metrics (Figure 3a,b). For example, during272

2006 to 2009 there are three consecutive years (2006 to 2008) of anomalously low TIW273

D R A F T December 6, 2011, 9:47am D R A F T



PEREZ ET AL.: INTERANNUAL VARIATIONS OF ATLANTIC TIWS X - 15

intensity followed by a very strong TIW season in 2009. These events are also observed in274

the horizontal velocity TIW variance record at the PIRATA mooring (red curve in Figure275

3a). The ordering of the more moderate events, however, can differ between the two TIW276

metrics and between the two northern latitude bands (e.g., 2002 is a moderate-to-strong277

year for SST and SLA TIW variance at 2◦N and the SLA TIW variance at 5◦N, but it is278

a relatively weak year for the SST TIW variance at 5◦N). The extent to which SST TIW279

variance along the 2◦N and 5◦N latitude bands depends on interannual variations in the280

strength of meridional SST gradients across the northern front of the cold tongue (i.e.,281

the ATL3 index) vs. TIW dynamics will be explored in section 3.3.282

Partitioning the variance by latitude shows that while TIW variance at 2◦N and 5◦N283

is modestly correlated with TIW variance along the 5◦S latitude band, there is poor or284

negative correlation with TIW variance along the 2◦S and 0◦ latitude bands (Table 3).285

The lack of correlation between the off-equatorial TIWs (defined here as the 5◦S, 2◦N,286

and 5◦N latitude bands) and near-equatorial TIWs (2◦S and 0◦N latitude bands) helps to287

explain some differences between the ordering of TIW seasons in this study and previous288

studies. In WB07 and AM08, off-equatorial TIWs were convolved with near-equatorial289

TIWs in their measures of TIW season intensity. For instance, WB07 found 2004 to be290

a strong year based on their analysis of SST TIW variance from 0◦ to 5◦N, while in the291

present analysis 2004 is the year of maximum SST TIW variance only along the 0◦ latitude292

band (Table 3).293

The use of AVISO SLA allows the TIW variance time series to be extended back to the294

beginning of the altimetry record in late 1992 (Figure 3). Based on the longer record,295

off-equatorial TIWs appear to have been less energetic in the 1990s than in the 2000s.296
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In particular, there was another three year period of anomalously weak TIWs from 1997297

to 1999 along the 5◦N and 5◦S latitude bands. In contrast, near-equatorial TIW activity298

was relatively low in the 2000s compared with the 1990s, with maximum TIW variance299

occurring during 1998.300

3.2. Relationship of ATL3 SST with barotropic shear indices

The Atlantic zonal mode, represented by the ATL3 index, is the strongest source of301

interannual SST variability in the equatorial Atlantic. In this section, we therefore explore302

the relationship between the barotropic shear indices and the ATL3 SST index (Figures303

4 and 5) before examining the connections between these indices and TIW intensity in304

the next section. A comparison of the ATL3 SST and wind stress divergence and curl305

indices (Figure 4a-c) shows that time periods (particularly during boreal summer) when306

SSTs in the tropical Atlantic cold tongue are anomalously warm (positive ATL3) such as307

the years 2006 to 2008, divergence and curl are anomalously weak (negative divergence308

and curl indices) in the EUC-nSEC shear region. Conversely, during time periods when309

the cold tongue is anomalously cold such as the years 2000 and 2001, divergence and curl310

are anomalously strong in the EUC-nSEC shear region. The correlation of ATL3 SST311

and wind stress divergence is particularly strong, and in fact ATL3 SST is more strongly312

correlated with divergence than it is with the zonal or meridional components of the wind313

stress in the central equatorial Atlantic. Note, Zebiak [1993] previously showed that zonal314

(meridional) pseudostress anomalies in the central tropical Atlantic were only modestly315

(poorly) correlated with the ATL3 index, but also found zonal pseudostress anomalies in316

the western equatorial Atlantic to be important in agreement with earlier studies [e.g.,317

Servain et al., 1982].318
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Figure 4d demonstrates that there is nearly equivalent negative correlation between319

the ATL3 and divergence index at zero-lag and one-month lag (r = −0.75, SST slightly320

lags divergence) and negative correlation between the ATL3 and curl index at one-month321

lag (r = −0.42, SST lags curl). The strong relationship between the ATL3 SST and322

wind stress divergence is to be expected because wind-driven vertical motions, which323

modify cold tongue SST and the meridional shear of geostrophic zonal currents, depend324

on wind stress divergence near the equator (cf. section 2.3.2). Moreover, the ocean and325

atmosphere are coupled, and wind stress divergence and curl anomalies may be enhanced326

by SST anomalies via the Lindzen and Nigam [1987] mechanism [e.g., Okumura and Xie,327

2004] and positive Bjerknes feedback [e.g., Keenlyside and Latif, 2007].328

A similar comparison of the ATL3 SST index with the 15-m Ekman and total zonal329

current shear indices (Figure 5a-c) shows that periods with anomalously warm SST in the330

cold tongue region tend to be associated with weak Ekman and total zonal current shear in331

the nSEC-NECC shear region, and vice versa. While these relationships are not as strong332

as for wind stress divergence (compare Figures 4d and 5d), the correlations between the333

ATL3 index and Ekman zonal current shear (r = −0.51) and between the ATL3 and334

total zonal current shear (r = −0.43) are significant at one-month lag. Note that the335

total zonal current shear exceeds Ekman shear by almost an order of magnitude (different336

y-axis in Figure 5b,c), which means that geostrophic zonal current shear is important in337

the nSEC-NECC region.338

3.3. Relationship of TIW intensity to SST and barotropic shear indices

To examine the larger scale processes that modulate TIW season intensity, the seasonal339

peaks in SST and SLA TIW variance (stars in Figure 3a,b) along the 2◦N and 5◦N latitude340
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bands are compared against the SST and barotropic shear indices. As the cold tongue and341

Atlantic TIWs typically intensify in early boreal summer, WB07 compared the SST TIW342

variance with the ATL3 index averaged from June to August. Here, the ATL3 averaging343

window is broadened from June to August to June to September, to account for years344

with delayed cold tongue onset. Wind stress divergence is also averaged from June to345

September, since it is nearly in phase with the ATL3 index (Figure 4d). The other indices346

are averaged from May to August, as they all lead the ATL3 index by one month (Figures347

4d and 5d). Note, summer-time divergence and curl comparisons are limited to the years348

2000 to 2009 due to the shorter QuikSCAT record length, whereas the other comparisons349

are made for the years 1998 to 2010. While the full-record correlations between the ATL3350

index and the barotropic shear indices discussed in section 3.2 can be modest for some351

of the indices, the correlations between the summer-time averages of the indices are high,352

with values of -0.67 (ATL3-wind stress divergence), -0.71 (ATL3-wind stress curl), -0.92353

(ATL3-Ekman zonal current shear), and -0.66 (ATL3-total zonal current shear). These354

correlations are all significant at the 95% confidence level.355

Despite partitioning the SST TIW variance into latitude bands and adding five more356

years to the SST record, the WB07 ATL3-SST TIW variance relationship still holds357

(Figures 6a and 7a), with strong negative correlations between the ATL3 index and SST358

TIW variance of −0.86 along the 2◦N latitude band and −0.74 along the 5◦N latitude359

band. In particular, the anomalously warm summer SSTs during the years 2006 to 2008360

coincide with some of the weakest TIW seasons in the thirteen-year record, when TIW361

seasonal intensity is characterized by the SST metric. Both the wind stress divergence362

and curl indices in the EUC-nSEC region describe well the SST TIW variance during363
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2000 to 2009 along both latitude bands with positive correlations between 0.7 and 0.83364

(Figures 6b,c and 7b,c). Years with low TIW activity tend to have negative divergence365

(i.e., downwelling favorable) and negative curl anomalies in boreal summer, and vice versa,366

consistent with the relationships between TIW activity and the ATL3 index and between367

the ATL3 index and the large-scale wind pattern. In general, there is less spread in the368

curl-SST TIW variance relationship than the divergence-SST TIW variance relationship369

and better agreement with the wind-based indices along 5◦N than along 2◦N. SST TIW370

variance correlates quite strongly with the Ekman and total zonal current shear in the371

nSEC-NECC region for both latitude bands (Figures 6d,e and 7d,e) such that years of372

weak (strong) shear are typically associated with years of low (high) TIW activity.373

When TIW season intensity is characterized by SLA variations rather than SST vari-374

ations, those variations depend more on anomalous wind stress divergence and curl in375

the EUC-nSEC or anomalous current shear in the nSEC-NECC regions than on anoma-376

lous cold tongue SSTs (Figures 8 and 9). There are far more outliers in the relationship377

between SLA TIW variance along the 2◦N and 5◦N latitude bands and the ATL3 index378

(Figures 8a and 9a), and correlations are only significant along 2◦N (-0.58). Although379

there is a great deal of spread in the wind stress divergence-SLA TIW variance relation-380

ship along the 2◦N latitude band (Figure 8b), the curl-SLA TIW variance relationship is381

robust with a positive correlation of 0.71 (Figure 8c). Along the 5◦N latitude band (Fig-382

ure 9b,c) where the SLA response is largest (Table 1), the correlations between divergence383

and SLA TIW variance and between curl and SLA TIW variance are both significant (0.63384

and 0.69, respectively). Ekman zonal current shear in the nSEC-NECC region explains385

SLA TIW variance well for both latitude bands (Figures 8d and 9d), but the total nSEC-386
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NECC current shear can only explain SLA TIW variance along the 5◦N latitude band387

(Figure 9e).388

Figure 10 shows correlations between SST and SLA TIW variance with the five indices389

for all latitude bands. For the indices tested here, correlations with SST and SLA TIW390

variance are all poor or of opposing sign for the near-equatorial (0◦ and 2◦S) latitude391

bands. Although correlations are modest and not significant at the 95% level along the392

5◦S latitude band, TIW season intensity tends to vary at that latitude in the same way393

that it does at the northern latitudes. This suggests that the interannual TIW-band394

variance at 5◦N and 5◦S is linked [consistent with previous findings by AM08], and that395

the instability, even if drawing its energy mainly from current shear north of the equator,396

manifests itself as a shear-modified equatorial Rossby wave (cf. section 3.1).397

4. Discussion and conclusions

A previous study by WB07 demonstrated that there is a strong relationship between398

TIW SST variability and SST anomalies in the equatorial Atlantic cold tongue region, such399

that TIW SST variance tends to be largest when the equatorial cold tongue is strongest400

and meridional SST gradients across the cold tongue are most pronounced. However, their401

study did not take into consideration (1) that different types of TIWs exist in the Atlantic402

with different latitudes of maximum amplitude, and (2) that the correlation between SST403

variance and large-scale SST gradient can be artificially heightened due to the “visibility”404

of the cold tongue front (e.g., TIWs can best be observed using SSTs when the cold tongue405

SST gradients are large), motivating a TIW metric based on SLA.406

To address these issues, the ability to characterize interannual TIW variability in the407

Atlantic using both TMI SST and AVISO SLA was explored in this paper. Moreover, the408
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analysis was partitioned into five 2◦ wide latitude bands (5◦S, 2◦S, 0◦, 2◦N, and 5◦N) to409

distinguish between near-equatorial and off-equatorial TIWs. Along each latitude band,410

interannual TIW variability was related to larger-scale processes by comparing with the411

summer-time averages of five indices: SST anomalies averaged over the ATL3 region,412

wind stress divergence and curl anomalies averaged over the EUC-nSEC region, and 15-m413

Ekman and total zonal current shear in the nSEC-NECC region. The wind and current414

shear indices were developed because they provide information about the strength of the415

meridional gradient of the near-surface zonal currents, and allow for examination of the416

role of barotropic shear instabilities in modulating the intensity of a TIW season. It417

was shown that the five indices were strongly linked in boreal summer, with decreased418

(increased) wind stress divergence and curl in the EUC-nSEC region as well as decreased419

(increased) Ekman and total zonal current shear in the nSEC-NECC region coincident420

with or preceding warming (cooling) of SSTs in the ATL3 region by one month.421

Interannual variations of SST and SLA TIW variance were well correlated with each422

other along the off-equatorial latitude bands (5◦S, 2◦N, and 5◦N) and poorly correlated423

with each other along the near-equatorial latitude bands (2◦S and 0◦) suggesting “visibil-424

ity” is a problem for the SST metric at those latitudes. During 1998 to 2010, the largest425

amplitude TIW variations were found along 2◦N for SST and 5◦N for SLA, consistent426

with the sea level signature of equatorial Rossby waves and the position of the northern427

cold tongue front. The relative ordering of more moderate events along the northern (2◦N428

and 5◦N) latitude bands differed between the two TIW metrics. However, extreme events429

such as the three anomalous years of low TIW intensity during 2006-2008 followed by a430
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very strong TIW season in 2009 were similar for both metrics, and agreed well with TIW431

variance computed from data at the 4◦N, 23◦W PIRATA mooring.432

AM08 demonstrated that interannual SLA TIW variations in the northern (0◦ to 8◦N)433

and southern (8◦S to 0◦) hemispheres were related, however, their analysis convolved the434

different types of TIWs (see their Figure 9). By partitioning the variance into latitude435

bands, the present analysis expanded upon that result and showed that TIW variance436

north of the equator was modestly correlated with TIW variance along the 5◦S latitude437

band, and poorly or negatively correlated with TIW variance along the near-equatorial438

latitude bands.439

Along the northern latitude bands, the ATL3-SST TIW variance relationship was found440

to be robust, qualitatively consistent with WB07, and the anomalously warm summer441

SSTs during the years 2006 to 2008 coincide with some of the weakest TIWs in the442

thirteen-year SST record. In this study, however, it was further demonstrated that years443

with low (high) SST TIW variance along the northern latitude bands were typically as-444

sociated with anomalously weak (strong) summer-time wind stress divergence and curl in445

the EUC-nSEC region as well as weak (strong) Ekman and total zonal current shear in446

the nSEC-NECC region. While all indices were strongly related to SST TIW variance,447

significant correlations with the SLA TIW variance were only found for the ATL3 SST,448

wind stress curl in the EUC-nSEC region, and Ekman shear in the nSEC-NECC region449

along the 2◦N latitude band as well as for all of the wind and current shear indices along450

the 5◦N latitude band. Although the correlations were modest and not significant at the451

95% level for the 5◦S latitude band, SST and SLA TIW variance tended here to be corre-452

lated with the five indices in the same way as the northern latitude bands suggesting that453
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the off-equatorial TIWs are governed by similar mechanisms. It is evident from the low454

or negative correlations between TIW variance along the near-equatorial latitude bands455

and the five indices tested here, that near-equatorial TIW variability cannot be explained456

by the large-scale SST, wind stress curl and divergence, and zonal current shear indices.457

Interannual variations in the strength of the northern cold tongue front can influence the458

ordering of TIW seasons in the TIW metric based on SST relative to the metric based on459

SLA (i.e., there is some artificial heightening of SST TIW variability due to “visibility”).460

However, the correlation analyses conducted here indicate that the interannual variations461

of both SST and SLA TIW variance along the off-equatorial latitude bands can largely be462

attributed to barotropic shear instabilities between the nSEC and NECC. The data were463

insufficient to fully evaluate the dependence of interannual TIW variability on meridional464

shear between the EUC and nSEC, but the skill of wind stress divergence and curl in465

explaining TIW season intensity indicates that barotropic shear instabilities between the466

EUC and nSEC also play a role.467

A previous model study by von Schuckmann et al. [2008] found baroclinic energy468

production in the nSEC-NECC region to be weaker than barotropic energy production in469

boreal summer (i.e., during the seasonal peak in TIW variance for the northern latitude470

bands, see Table 2). The role of baroclinic shear instabilities in driving interannual TIW471

variability was not examined in this study. However, high positive correlations (greater472

than 0.6) were found between the TIW metrics along the off-equatorial latitude bands473

and meridional SST gradients in the EUC-nSEC region (very similar to the ATL3 index)474

and modest correlations (between 0.2 and 0.6) were found between the TIW metrics and475

SST gradients in the nSEC-NECC region (not shown), indicating that baroclinic shear476
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instabilities may also be important in these regions. In order to develop better indices for477

TIW season intensity, analyses of the full barotropic and baroclinic conversion terms (e.g.,478

−ρu′v′ ∂u
∂y

and −gv′ρ′ ∂ρ
∂y
/|∂ρ

∂z
|) need to be performed. This analysis requires knowledge of479

the meridional and vertical gradients of the background zonal currents (u) and density480

field (ρ), as well as the eddy flux terms (e.g., u′v′ and v′ρ′), which calls for the use of481

high-resolution ocean models that can provide a consistent representation of the upper-482

ocean circulation and density field that simultaneously resolve TIWs and larger scale483

processes, and ultimately long-term ocean observations at sites including the PIRATA484

moorings. Analysis of SLA TIW variance over the full altimetric record (Figure 3) shows485

potential decadal variations in TIW season intensity along the different latitude bands.486

Further model and observation based studies are needed to determine how these long-term487

variations in TIW season intensity impact the cold tongue heat balance in the equatorial488

Atlantic.489
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Peter, A.-C., M. Le Hénaff, Y. du Penhoat, C. E. Menkes, F. Marin, J. Vialard, G. Cani-589

uax, and A. Lazar (2006), A model study of the seasonal mixed layer in the equatorial590

D R A F T December 6, 2011, 9:47am D R A F T



X - 30 PEREZ ET AL.: INTERANNUAL VARIATIONS OF ATLANTIC TIWS

Atlantic, J. Geophys. Res., 111, C06014, doi:10.1029/2005JC003157.591

Qiao, L., and R. H. Weisberg (1995), Tropical instability wave kinematics: Observations592

from the tropical instability wave experiment, J. Geophys. Res., 100, 8677–8693.593

Risien, C. M., and D. B. Chelton (2008), A global climatology of surface wind and wind594

stress fields from eight years of QuikSCAT scatterometer data, J. Phys. Oceanogr., 38,595

2379–2413, doi: 10.1175/2008JPO3881.1.596

Seo, H., and S.-P. Xie (2011), Response and impact of equatorial ocean dynamics and597

tropical instability waves in the tropical Atlantic under global warming: A regional598

coupled downscaling study, J. Geophys. Res., 116, C03026, doi:10.1029/2010JC006670.599

Seo, H., M. Jochum, R. Murtugudde, A. J. Miller, and J. O. Roads (2007), Feedback600

of tropical instability-wave-induced atmospheric variability onto the ocean, J. Climate,601

20, 5842–5855, doi:10.1175/2007JCLI1700.1.602

Servain, J., J. Picaut, and J. Merle (1982), Evidence of remote forcing in the equatorial603

Atlantic Ocean, J. Phys. Oceanogr., 12, 457–463.604

von Schuckmann, K., P. Brandt, and C. Eden (2008), Generation of tropical instability605

waves in the Atlantic Ocean, J. Geophys. Res., 113, C08034, doi:10.1029/2007JC004712.606

Weisberg, R. H., and T. J. Weingartner (1988), Instability waves in the equatorial Atlantic607

ocean, J. Phys. Oceanogr., 18, 1641–1657.608

Wittenberg, A. T. (2002), ENSO response to altered climate. Ph.D. thesis, Princeton609

University, 475 pp.610

Wu, Q., and K. P. Bowman (2007a), Multiyear satellite observations of the atmo-611

spheric response to Atlantic tropical instability waves, J. Geophys. Res., 112, D19104,612

doi:10.1029/2007JD008627.613

D R A F T December 6, 2011, 9:47am D R A F T



PEREZ ET AL.: INTERANNUAL VARIATIONS OF ATLANTIC TIWS X - 31

Wu, Q., and K. P. Bowman (2007b), Interannual variations of tropical instability waves614

observed by the Tropical Rainfall Measuring Mission, Geophys. Res. Lett., 34, L09701,615

doi:10.1029/2007GL029719.616

Xie, S. P., M. Ishiwatari, H. Hashizume, and K. Takeuchi (1998), Coupled ocean-617

atmospheric waves on the equatorial front, Geophys. Res. Lett., 25, 3863–3866,618

doi:10.1029/1998GL900014.619

Zebiak, S. E. (1993), Air-sea interaction in the equatorial Atlantic region, J. Clim., 27,620

1567–1586.621

D R A F T December 6, 2011, 9:47am D R A F T



X - 32 PEREZ ET AL.: INTERANNUAL VARIATIONS OF ATLANTIC TIWS

List of Figures622

1. Map of a) July 26 - August 2, 2009 AVISO SLA, b) July 26 - August 2, 2009 TMI623

SST, and c) annual mean TMI SST during 2009. Latitude bands in which TIW variances624

are computed (black boxes) are shown in a)-b), and the regions where the ATL3 (black625

box), EUC-nSEC (brown box), and nSEC-NECC (blue box) indices are computed are626

shown in panel c). Yellow star in a)-b) shows location of 4◦N, 23◦W PIRATA Northeast627

Extension mooring.628

2. Zonally-averaged (20◦W to 0◦) standard deviation of the interannual (seasonal629

cycle removed) a) wind-driven vertical velocity and b) meridional shear of the wind-driven630

zonal transport terms in equations (2) and (3), respectively, for r−1
s = 1.5 day. Colored631

lines correspond to the first (red), second (green), third (blue), and fourth (magenta) term632

in those equations, and black lines correspond to the sum of the four terms. Black dashed633

lines indicate the latitude range of the EUC-nSEC region.634

3. Normalized TIW variance in latitude bands along a) 5◦N, b) 2◦N, c) 0◦, d) 2◦S,635

and e) 5◦S for the full TMI SST (blue curves) and AVISO SLA (black curves) records.636

PIRATA horizontal velocity TIW variance (red curve) is overlaid on panel a). Brown lines637

in a) and b) highlight the years 2006-2009. Seasonal peaks in TIW variance are identified638

by stars. Correlation between SST and SLA peak TIW variance and significance level of639

the correlation (assuming independence of annual values) are given in each panel.640

4. A comparison of a) ATL3 SST, b) wind stress divergence, and c) wind stress641

curl indices from 1998 to 2010 (a four-month Bartlett low-pass filter was applied to the642

indices solely for visualization purposes). Wind stress divergence and curl indices are643

averaged between 0◦ and 3◦N. Brown lines in a) to c) highlight the years 2006-2009.644
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Lagged correlations between divergence (solid black curve) and curl (solid blue curve)645

indices with the ATL3 SST index are shown in panel d). Correlations significant at the646

95% level (assuming three independent samples per year) are identified by circles.647

5. A comparison of a) ATL3 SST, b) Ekman zonal current shear, and c) total zonal648

current shear indices from 1998 to 2010 (a four-month Bartlett low-pass filter was applied649

to the indices solely for visualization purposes). Shear indices are averaged between650

3◦N and 6◦N. Brown lines in a) to c) highlight the years 2006-2009. Lagged correlations651

between Ekman (solid black curve) and total (solid blue curve) zonal current shear indices652

with the ATL3 SST index are shown in panel d). Correlations significant at the 95% level653

(assuming three independent samples per year) are identified by circles.654

6. Peak TIW SST variance (blue stars from Figure 3) along 2◦N as a function of655

the five indices: a) June to September ATL3 SST in ◦C, b) June to September wind stress656

divergence in Nm−2(103km)−1, c) May to August wind stress curl in Nm−2(103km)−1,657

d) May to August Ekman zonal current shear in s−1 × 10−7, and e) May to August total658

zonal current shear in s−1 × 10−6. Correlation and significance level of the correlation659

(assuming independence of annual values) are given in each panel.660

7. Same as Figure 6 except along 5◦N.661

8. Peak TIW SLA variance (blue stars from Figure 3) along 2◦N as a function of662

the five indices: a) June to September ATL3 SST in ◦C, b) June to September wind stress663

divergence in Nm−2(103km)−1, c) May to August wind stress curl in Nm−2(103km)−1,664

d) May to August Ekman zonal current shear in s−1 × 10−7, and e) May to August total665

zonal current shear in s−1 × 10−6. Correlation and significance level of the correlation666

(assuming independence of annual values) are given in each panel.667

D R A F T December 6, 2011, 9:47am D R A F T



X - 34 PEREZ ET AL.: INTERANNUAL VARIATIONS OF ATLANTIC TIWS

9. Same as Figure 8 except along 5◦N.668

10. Correlations between peak TIW a-e) SST and f-j) SLA variance with the five669

indices: a, f) ATL3 SST; wind stress b, g) divergence and c, d) curl; as well as d, i)670

Ekman and e, j) total zonal current shear. Correlations significant at the 95% (assuming671

independence of annual values) are identified by circles.672
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Table 1. Minimum and maximum TIW variance from 1998 to 2010 and the year of maximum

TIW variance along the five latitude bands. Bold values indicate the overall maximum for SST

and SLA TIW variance. Note that for the 4◦N, 23◦W mooring, the minimum and maximum

velocity TIW variance are 17.9 and 254.6 cm2s−2, respectively, with maximum variance found in

2009.
Latitude Min σ2

SST Max σ2
SST Year Min σ2

SLA Min σ2
SLA Year

(oC2) (oC2) Max σ2
SST (cm2) (cm2) Max σ2

SLA

5◦N 0.003 0.015 2009 0.095 1.043 2001
2◦N 0.004 0.050 2001 0.046 0.251 2010
0◦ 0.004 0.032 2004 0.048 0.134 1998
2◦S 0.001 0.012 2002 0.053 0.241 1998
5◦S 0.001 0.013 2005 0.037 0.302 2008
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Table 2. Primary and secondary months of SST and SLA peak TIW variance from 1998 to

2010 along the five latitude bands. Percentage of occurrence for the thirteen-year record is listed

for each month. If primary month has percentage of occurrence greater than 80%, secondary

month is not listed.
Latitude SST SLA

Month(s) % Month(s) %
5◦N June, July 38, 31 July, June 62, 23
2◦N July, − 85, − June, July 46, 38
0◦ July, August 38, 38 June, July 31, 31
2◦S July, August 69, 23 August, September 46, 46
5◦S July, August 77, 15 July, August 46, 38
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Table 3. Auto- and cross-correlation between SST and SLA seasonal peak TIW variance

along the five latitude bands with SST peak variance at 2◦N and SLA peak variance at 5◦N. Bold

values indicates correlations that are at least significant at the 95% confidence level (assuming

independence of annual values).

σ2
SST,2◦N σ2

SLA,5◦N σ2
SST,2◦N σ2

SLA,5◦N

σ2
SST,5◦N 0.75 0.65 σ2

SLA,5◦N 0.58 -

2◦N - 0.58 2◦N 0.67 0.60

0◦N 0.09 -0.37 0◦N 0.12 -0.22

2◦S 0.35 0.27 2◦S -0.12 -0.59

5◦S 0.56 0.43 5◦S 0.39 0.36
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